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INTRODUCTION
The Standard Model (SM) [1] of particle physics is a theory that attempts to explain elementary particles, which make up all matter, and the three forces that govern interactions between these particles. It is the most complete theory that explains subatomic particles.
Although the SM finds answers for many physics questions, it is still incomplete. It cannot explain some of the physics questions such as why are there not as many anti-particles as particles in the universe? Where do the fundamental particles get their masses?
In order to solve these problems, Peter Higgs, a professor at the University of Edinburg, introduced a new particle called the Higgs boson [2] . According to the SM, the
Higgs boson provides mass to elementary particles; discovery of the Higgs boson is an important step for completeness of the SM. Beyond the SM, other physics theories are also looking for the existence of the Higgs boson. Supersymmetry (SUSY), for instance, proposes the existence of more than one Higgs boson. In contrast, the SM predicts the existence of one Higgs boson.
The latest developments of the CMS and ATLAS experiments show great progress on the search for the Higgs boson. According to their investigations, as announced in March 2013, the new particle observed is the Higgs boson [3] . On the other hand, they are still not sure whether or not this new particle is the SM Higgs boson. In order to be sure about this issue, the CMS and ATLAS collaborations have been looking at properties of the boson.
Vector Boson Fusion (VBF) production is one of the production channels that has been used to study the SM Higgs boson [4] . One of the decay channels used for the Higgs boson is its decay into tau pairs. The tau lepton has a mass of 3500Me, and its decay mode is very fast with a mean lifetime of about 10 -13 seconds [2, 6] . Due to its lifetime, the channel plays a crucial role. In this analysis, we look at particles decaying into a lepton and two corresponding neutrinos. In the SM, the Higgs boson decay to tau pairs can be examined by the VBF process qq→qqH considered through the emission of the two jets at high rapidity [5] .
VBF production also plays an important role to distinguish Higgs boson signals among the other high transverse momentum (Pt) physics events by tagging the forward jets from the interaction [6] . Applying a threshold on the Pt of the jets allows us to accept or reject the events. This helps to discriminate the VBF Higgs from background events [7] .
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CHAPTER 2 THE BRIEF DESCRIPTION OF THE LARGE HADRON COLLIDER AND ITS
SUB-DETECTORS
Large Hadron Collider
The Large Hadron Collider (LHC) is the biggest particle physics accelerator built by mankind, and is used to attempt to solve particle physics questions. It is located at the European Organization for Nuclear Research (CERN) in Geneva, Switzerland, and it is in a circular tunnel which is 27 kilometers in length and 175 meters underground [8] . Using the LHC's synchrotron physicists collide two beams of protons, which travel near the speed of light, in opposite directions. Then, they observe the results after these collisions. [9] . The ADD model expects missing Et + jet signature and the RS model predicts dilepton and dijet resonances [9] . Dark Matter is an unforeseen matter that can only be detected through gravitational interactions. This can be detected while the universe is being pushed by dark energy. Recent Planck results show that the universe is expanding slower than we thought before and there is less dark energy than the previous results [10] . There are four large experiments located at the LHC and each of them has different specific goals. These are ATLAS, CMS, ALICE, and LHCb [11, 12] . ATLAS and CMS are the largest and are general purpose detectors. ALICE and LHCb do more specific explorations in heavy ion physics and B physics. 
Compact Muon Solenoid
The Compact Muon Solenoid (CMS) is one of the main particle physics detectors at the LHC. It is 25 meters in length, 15 meters wide, and weighs 12500 tons [11] . It searches for the Higgs boson, Extra Dimensions, and particles that could make up Dark
Matter as well as verification of the SM. CMS has a superconducting solenoid that is 13 meters in length and 5.9 meters in diameter [12] . In addition to the solenoid, the CMS detector includes Muon Chambers, Inner Tracker (Silicon Tracker), Electromagnetic
Calorimeter, and Hadron Calorimeter.
The CMS software library allows experimenters to do physics analysis. Currently, the collection of this software components is called CMSSW; it provides a frame work and data model that allows physicists to do analysis of the data. 
CMS Hadronic Calorimeter
The purpose of the Hadron Calorimeter (HCAL) of the CMS detector is to improve the measurement of the missing transverse energy (Et Hadronic Outer: It has scintillators which are 10mm in thickness and the pseudorapidity is given by (-1.26< ƞ < 1.26) [13] .
Hadronic Endcap: It has 14 towers and the pseudorapidity range is (1.3< |ƞ| <3.0) [12] .
Hadronic Forward: It consists of 13 towers and the pseudorapidity range is (3.0< |ƞ| <5.0) [12] . 
Hadronic Forward Calorimeter (HF)
The HF is one of the main calorimeters that is located beyond the endcaps of the CMS detector. As can be seen in figure on either side of the interaction point. There is about 11.2 meters distance between each HF and the interaction point [13] . Each calorimeter is made up of steel wedges making a ring of absorber around the beam line in the forward direction [17] . The HF consists of 13 towers and has a pseudorapidity range (ƞ) which is 3<|ƞ|<5 [12] .
Two types of quartz fibers, long (L) and short (S), are inserted into the steel plates in the HF to detect signals from Cerenkov radiation, which is caused by a charged particle whose velocity is higher than speed of light in the material. The long quartz fibers are 22 cm longer than the short ones. The purpose of this is to get the range of the data from different shower types. Because long fibers are longer than the short ones, they detect both electromagnetic showers and hadronic showers. In contrast, short fibers only detect the hadronic showers since they do not extend closer to the interaction region. The HF measures the missing transverse energy and jet energies, needed to detect Higgs and SUSY particle production. 
Radiation Environment and Radiation Damage
Collisions of proton beams at LHC cause a high radiation environment. General phenomena that cause radiation are beam-induced radiation from proton-proton collisions, beam-gas interactions, and beam halo due to beam interactions in the machine components [14] . However, the radiation of beam-gas and beam-halo interactions are very small compared to the radiation that comes from proton-proton collisions. Due to this, we only consider the radiation from proton-proton collisions in our study. The LHC produces almost 10 9 proton-proton collisions per second at a center of mass energy of 14 TeV while operating at its peak luminosity [15] . These collisions cause energy deposition in the detector. Because of this, assessment of radiation safety and aging of detectors are necessary [15] .
The detectors that are close to the beam collision region experience a higher radiation dose and receive high particle fluxes. Because this causes serious damage to the detectors, they are made of radiation hard materials [14] . For instance, the CMS detector is designed to be radiation hard to survive against the radiation environment produced by the proton-proton collisions.
We quantify effects of radiation damage in terms of integrated luminosity because radiation damage is directly related to integrated luminosity, the total number of collisions which have occurred. However, run-time radiation exposure is related to the instantaneous luminosity [15] .
Radiation Damage Impact on HF
Because the HF is one of the calorimeters that is near the beam collision region of the CMS detector, it is likely to be affected by radiation. Therefore, it is designed to be radiation hard to stand for a long time against the radiation that is derived from protonproton collisions [16] . Computational methods have been developed to investigate the radiation damage impact on HF.
One of the simulation methods used for studies of HF is Fast Simulation, also called FAMOS, Fast Monte Carlo Simulation. The physics processes that are implemented in Fast
Simulation are electron Bremsstrahlung, photon conversion, charged particle energy loss by ionization, charged particle multiple scattering, and electron-photon and hadron
showering [12] .
Within the Fast Simulation is a radiation damage estimate that allows us to understand the performance degradation of the HF detector [16] . The simulation divides HF into one hundred cells in r-z coordinates and each cell is allotted a radiation dose value [16] .
Dividing HF into regions is a way to look at the effect of radiation dosage on the calorimeter. The region that is closest to the beam collision will get more radiation dosage than the others. The effect of radiation will decrease respectively from the inner region to the outer one. For example, if the HF was divided into four regions, the inner region would be (4.5 < |ƞ| < 5.0) and the outer region would be (3.0 < |ƞ| < 3.5). The ring that is closest to the beam is Ring 10-13, which corresponds to the pseudorapidity 4.5 < |ƞ| < 5.0. This ring will receive a higher radiation dose than the others [16] . The University of Iowa High Energy Group on CMS is using Fast Simulation to study the impact of Radiation Damage on the HF. In order to understand the impact of radiation on the detector, the group used distinct radiation damage fibers for different towers of HF. Putting these fibers between different towers, they transmitted and reflected signals through the fibers to see attenuation of light due to radiation damage [16] . These fibers monitor aging effects in situ. In addition, dedicated studies were performed where fibers of the same type as used in the HF were irradiated, and the attenuation as a function of dosage measured [17] . The relationship between attenuation and dosage was parametrized as Using the Fast Simulation method with radiation damage as a function of luminosity incorporated, we have explored the performance of the HF detector and the impact of radiation damage on HF. We examined how the HF fibers will be affected after being dosed up to 1Grad, using an attenuation model as a function of radiation dosage [16] .
Then, we can see how HF performs after taking 3000 fb -1 integrated luminosity. The figure   3 .1 shows the light attenuation in the HF detector for 3000 fb -1 of integrated luminosity [16] . In this figure, the regions correspond to the HF towers and 3000 fb -1 corresponds to 10 years of LHC operation. As can be seen in the figure, the most attenuation is in region 4, which is the highest eta region (4.5 < |ƞ| <5.0). However, there is less attenuation for the low eta region [16] . Typically the energy recorded in the calorimeter would be calibrated to remove the effects of attenuation. However, this has not been done for our study.
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CHAPTER 4 VECTOR BOSON FUSION PRODUCTION AND DI TAU SEARCH FOR THE HIGGS
Standard Model Higgs Production
The Standard Model (SM) is a well-accepted particle physics theory that proposes elementary particles and three forces between these particles. This model does not provide a mechanism for particle mass [2] . Then, how do these particles have mass in reality although they do not have mass in the theory? properties. However, in March 2013, CMS and ATLAS collaborations reported that they believe that the newly discovered particle is the Higgs boson [3] . In order to test this, they checked the spin and parity of this new particle. Then, the results showed spin zero and positive parity which are predicted for the Higgs boson [3] . Although this result shows that In order to solve this mystery, the CMS and ATLAS collaborations study properties such as the decay rate of the Higgs boson to other particles [3] . Decay channels that have being studied for the Higgs boson are fermion-anti-fermion, Higgs decay to weak bosons, and Higgs decays to gluons [19] . In addition to decay channels, there are also the Higgs boson production channels to be considered: these are gluon-gluon fusion, weak boson fusion, and Higgs-strahlung [19] .
Vector Boson Fusion (VBF) Production
VBF is one of the production methods that has been used to search for the Higgs boson. This process is the second largest process at LHC [20] . Upon a proton-proton collision, vector bosons are radiated from quarks and a Higgs boson produced at the center.
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The VBF production is expected to be a mode for discovery and study of the Higgs boson at the LHC [4] . Higgs boson decay processes that are being examined by the VBF analysis are , WW, and γγ decay channels. The CMS collaboration is working on these channels for an integrated luminosity of 30 fb -1 using data collected in 2011 and 2012 [21] . The cross section measurement of the VBF process can be used to measure the initial states of Higgs couplings [21] .
Importance of HF to VBF Higgs Search
After proton-proton collisions at the LHC, the vector bosons that are radiated by quarks fuse and produce a central high Pt Higgs and two jets which continue at low angles with respect to the beam. In order to see the importance of HF to the VBF Higgs search, one looks at the two forward jets in the detector, often measured by the HF. These forward jets are used to tag VBF signals; having only two energetic jets allows one to eliminate other background channels.
In order to be sure that these jets are in the forward region (|ƞ|˃3.0) some requirements need to be satisfied. First of all, jets should be in opposite hemisphers, ƞ1• ƞ2 16 < 0 [3, 7] . Then, jets should be well separated in the detector ( ∆ƞ > 4.5) [7] . Last, the transverse momentum (Pt) for each jet must be over a certain threshold [7] . As can be seen in figure 4 .3, the number of jets decreases while the threshold momentum increases. A large fraction of the VBF Higgs events have at least one jet in the HF.
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CHAPTER 5 VBF HIGGS SIGNAL CONSIDERING RADIATION DAMAGE
Searching Radiation Damage impact on the Jets in HF by Using VBF Higgs Signal
Using Pythia MC Simulation of the VBF Higgs process with Fast Simulation of the CMS detector including the radiation damage model, we examined the effect of radiation damage on the VBF Higgs signal in the HF calorimeter. We generated 500K events for 0, 20, 100, 200, 500, 1000, and 3000fb -1 integrated luminosity. Then, we analyzed the output files that we got from this process to study the physics impact of radiation damage.
In this analysis we have two types of jets, generated and reconstructed(calo) jets.
Generated jets are the jets produced from generator level MC particles. Calo Jets are the jets produced from CMS calorimeter towers.
We started our analysis by matching both of our jets in the HF by minimizing the difference in ƞ and ɸ between the generated and reconstructed jets. We describe this requirement by formula (1). After matching these two jets, we applied a threshold on Pt and Et ( Pt > 30GeV and Et > 30GeV). Then, we looked the effect of radiation damage on Pt, Et, ƞ, and ɸ. Here the important parameters are Pt, Et, and ƞ because radiation damage is symmetric with ɸ. Last, we looked jet tagging efficiencies both for two jets and one jet in HF, and we looked the effect of radiation damage on the efficiency for different regions of the HF calorimeter. 
We have two forward jets reconstructed in the HF, and we applied a Pt and Et cut of 30 GeV on these jets and matched them to the generated jets. As can be seen in figures We calculated the overall jet tagging efficiency for VBF Higgs signal using formula (2) . The efficiency is very small because we are looking the efficiency of two jets in the HF out of all the jets produced. Then, as can be seen in figure 5 .5, we calculate the efficiency for single jets. We divided HF into four regions and calculated jet tagging efficiencies for each eta region using formula (3). We calculate the statistical error both for overall jet tagging efficiency and for the jet tagging efficiencies of the four different regions of the HF. The statistical error was calculated using formula (4). = 0.095; efficiency loss is 9.5%. As can be seen in figure 5 .4, the overall signal efficiency decreases while the integrated luminosity increases. As can be seen in figure 5 .5, the loss in signal efficiency is most pronounced at lowest angles (closest to beam), but in this region the signal distribution is falling off. The analysis cut on Pt and Et has a larger effect at low angles due to geometry ( see figures 5.6 and 5.7). Black -Gen Jet Red -Reco Jet 
SUMMARY AND CONCLUSION
The LHC is the biggest particle physics accelerator that is used to solve particle physics questions, and the CMS is one of the main detectors at the LHC. There are four
Hadronic Calorimeters in the CMS, and the Hadronic Forward Calorimeter is one of them.
Physicists collide two beams of protons at the LHC and the collisions cause a high radiation environment. Thus, the detectors at the LHC are affected by radiation. VBF production is one of the methods that has being used to search for the Higgs boson. For our study, we looked at how the VBF signal in the HF detector changes with radiation damage.
In this analysis, jets from the VBF Higgs signal are selected using a threshold (30 GeV) on the transverse momentum (Pt) and transverse energy (Et) of the jets. The effect of radiation damage is observed both for the total signal and for four different regions of the HF calorimeter. The results showed that the regions which are closest to the collision point were affected more compared to the other regions. This result agrees with the expected one. The effect of radiation damage was observed on the VBF Higgs signal and we saw that the VBF signal was not significantly decreased by radiation. In addition, the relationship between Pt, Et and the efficiency were observed.
All these observations were made without applying a correction factor to restore the attenuated energy to expected levels. This would normally be done as a calibration step.
For the next step of this project, we will apply the corrections and observe the results. For future work, it is possible to look at the physics impact on other signatures where HF plays a major role, such as missing Et based searches.
